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the access network closer to the end user in a cost-effective manner. This disruptive communication 
paradigm, however, necessitates the employment of advanced interference and mobility management 
to cope with the comparably denser yet unplanned network layout. This paper describes an advanced 
mobility management approach for the two-tier LTE-Advanced network, aiming to resourcefully utilize 
the femtocell superior characteristics in an energy-efficient and interference-aware manner. The key 
features of the proposed approach are a) the exchange and utilization of standard signal quality 
measurements during the handover decision phase, to accurately estimate the mean user equipment 
(UE) transmit power on a per candidate cell basis, and b) the use of a novel handover decision 
algorithm that jointly considers the impact of interference, power consumption, and user mobility. A 
comprehensive analysis of the required network signaling is provided, while extensive simulation 
results demonstrate that compared to existing approaches, the proposed approach attains improved 
performance at the cost of moderate increase of network signaling. 
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1. INTRODUCTION 
Release 10 of the 3rd Generation Partnership Project (3GPP) for the Long Term Evolution (LTE) 
system, also known as LTE-Advanced (LTE-A), fulfills and even surpasses the International Mobile 
Telecommunications (IMT)-Advanced requirements set by the International Telecommunication 
Union (ITU) [1], [2]. In LTE-A, a transmission to/from a mobile terminal can utilize up to five 
component carriers with carrier aggregation (CA), i.e., a deployment bandwidth of up to 100MHz, 
where each component carrier uses the Release 8 structure for backwards compatibility. LTE-A 
supports advanced spatial multiplexing, using up to eight-layer multiple-input multiple-output 
(MIMO) for the downlink (DL) and up to four-layer MIMO for the uplink (UL), which combined with 
CA leads to a peak data rate of 1Gbps and 0.5Gbps for the DL and UL directions, respectively. To 
further improve spectral efficiency, LTE-A enables enhanced single-cell DL multiuser MIMO support, 
while to lower the interference at User Equipments (UEs) located close to multiple evolved Node Bs 
(eNBs), the standard provisions for coordinated multipoint (CoMP) transmissions. A wide range of 
heterogeneous deployments are also supported by the LTE-A standard, mainly including picocells, 
femtocells, and relays, with the aim to extend network coverage, increase system capacity, and lower 
transmit power [3]. 
Femtocells can play a key role for wide adoption of LTE-A, as they bring the access network closer 
to the user in a cost-effective manner [4]. Femtocells, a.k.a., Home eNBs, are short-range, low-cost, 
consumer-deployed cellular access points, which interconnect standard user equipment (UE) to the 
mobile operator network via the end user’s broadband access backhaul. Although femtocells typically 
support up to a few users, they embody the functionality of a regular base station which operates in the 
mobile operator’s licensed band. Femtocells can substantially enhance the user-perceived Quality of 
Service (QoS) and greatly improve the energy saving potential for the network nodes at the cost of 
employing more sophisticated interference and mobility management procedures.  
The need for advanced interference and mobility management originates from a) the unplanned 
femtocell deployment, b) the short femtocell radius, d) the denser network layout, and d) the 
employment of access control [5]. The unplanned deployment pattern increases the radio-frequency 
(RF) interference at the LTE-A network nodes in an unpredicted manner, and complicates the mobility 
management procedure, e.g., the serving LTE-A cell is unable to provide a complete neighbor cell list 
to the UEs. On the other hand, the short femtocell radius and the denser network layout increase the 
number of handovers (HOs) in the system and enlarge the number of candidate cells, compromising 
seamless connectivity and increasing the network signaling load. Finally, access control may result in 
severely degraded Signal to Interference plus Noise Ratio (SINR) performance under certain 
interference scenarios, e.g., when an LTE-A user is not a member of a Closed Subscriber Group (CSG) 
femtocell in proximity [5]. 
Even though femtocell deployment comprises several technical challenges, it is expected to 
significantly reduce the energy expenditure for both the UEs and the LTE-A network. As reported in 
[6], if a femtocell tier is deployed, then both the mobile terminals and the cellular stations can reduce 
their transmit power by four to eight orders of magnitude. In-band macrocell and femtocell 
coexistence, however, increases the RF interference, which in turn degrades the system capacity per-
tier and reduces the energy saving potential [7]. Self-optimization is another femtocell feature that 
leads to further energy savings. For example, the proposed dynamic pilot transmission mechanism in 
[8] is shown to improve the femtocell energy efficiency and reduce the occurrence of mobility events 
for passing outdoor users. In conclusion, even though femtocell deployment natively enhances the 
energy saving potential at the access network nodes, the actual energy consumption gain strongly 
depends on the interference and mobility management decisions employed. 
This paper describes an advanced mobility management approach for the two-tier LTE-A network, 
aiming to lower the interference and energy consumption at the network nodes, while sustaining 
seamless connectivity and a prescribed mean SINR target. To achieve this, a two-step HO decision 
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algorithm is proposed, which a) excludes a subset of candidate cells that can compromise sustained 
wireless connectivity, and b) selects the candidate cell with the minimum required mean UE transmit 
power for the prescribed SINR target. Both these steps are employed by adapting the HO Hysteresis 
Margin (HHM) according to standard LTE-A signal quality measurements, performed either by the UE 
or the candidate cells. The required network signaling procedure is thoroughly investigated and two 
different signaling approaches are identified, depending on whether an LTE-A network entity 
maintains and disseminates these signal quality measurements, or not. Based on the Small Cell Forum 
evaluation methodology in [9], it is shown that the proposed algorithm attains a significant reduction 
of transmit power and interference, as well as substantial improvement of  system capacity and energy 
consumption per bit, at the cost of moderately increased network signaling load.  
The remainder of this paper is organized as follows. Section 2 summarizes related works, and 
highlights the key aspects and contributions of this paper. Section 3 describes the adopted system 
model, and discusses the predominant strongest cell (SC) HO decision algorithm in the context of 
LTE-A. The proposed algorithm presented in Section 4, while two different signaling procedures for 
employing it are thoroughly investigated in Section 5. Section 6 includes extensive system-level 
simulation results and Section 6 concludes this paper. 
 
2. RELATED WORK 
The LTE-A standard describes a wide range of technical improvements for the LTE system, mainly 
including carrier aggregation [10], advanced multi-antenna techniques [11], enhanced support for 
heterogeneous deployments [2], [3], and relaying [12]. The key features and a series of open issues for 
femtocell deployment are summarized in [4], while a more comprehensive analysis is provided in [13]. 
A performance analysis is conducted in [14], to assess the per-tier outage probability in co-channel 
femtocell deployments owing to cross-tier interference. 
Current literature includes various approaches for handling interference in femtocell networks [15]-
[24]. A wide range of interference coordination and cancellation techniques are summarized in [15], 
with the emphasis given to the LTE system. To mitigate cross-tier interference in the two-tier network, 
advanced radio resource allocation and power control schemes are proposed in [16]-[19]. Focusing on 
the LTE-A system with multi-hop relaying, the performance of semi-static interference coordination 
schemes for radio resource allocation and power control, in both the frequency and time domain, is 
demonstrated in [20]. The achievable SINR performance of the macrocell tier is investigated in [21], 
with respect to the number of femtocells deployed in the two-tier network. A utility-based SINR 
adaptation algorithm is subsequently proposed for the femtocell nodes, aiming to mitigate the 
interference caused to the macrocell tier in a distributed manner. Two interference mitigation strategies 
are proposed in [22], which suppress the cross-tier interference to the macrocell tier by adjusting the 
maximum transmit power at the femtocell users. Based on decentralized Q-learning and knowledge 
dissemination among the femtocell stations, a self-optimization approach is described in [23], which is 
shown to sustain an improved macrocell capacity and SINR performance compared to an independent 
learning approach. An orthogonal random beamforming-based strategy is proposed in [24], aiming to 
reduce the cross-tier interference in the two-tier network, increase the spatial opportunity of the 
femtocell nodes, and mitigate the degradation to the macrocell capacity. Analytical and numerical 
results illustrate that combined with opportunistic channel selection and distributed power control, the 
proposed strategy sustains the macrocell throughput and reduces the mean transmit power at the 
femtocell nodes. Different from the approaches above, this paper describes a novel interference 
mitigation approach based on the employment of interference-aware HO decision making.  
Current literature also includes various algorithms and studies for the HO decision phase in the two-
tier network [25]-[33]. Two different sets of speed and Received Signal Strength (RSS) based HO 
decision rules are proposed in [25], to minimize the HO probability in the two-tier network. The 
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proposed rules are shown to increase the user-perceived throughput in high speed UEs, and reduce the 
HO probability compared to a soft HO decision approach. The authors in [26] propose two different 
HO decision strategies depending on the traffic type of the user. For non real-time traffic, a SC-based 
HO decision strategy is proposed, while for real-time traffic, the proposed strategy consists of 
executing an outband femtocell HO only when the minimum required RSS for service continuity is 
reached. Although the employment of these strategies is shown to reduce the number of HOs in the 
system, the impact of the consequential RF interference on the user-perceived throughput is not 
investigated. An adaptive HO Hysteresis Margin (HHM) approach is presented in [27], where the 
HHM value is adapted according to the estimated path loss between the UE and the target cell. It is 
shown that even though a large HHM lowers the number of unnecessary HOs, it simultaneously 
degrades the throughput performance. Aiming to sustain a low outage probability for the LTE-A users, 
the authors in [28] propose a fractional soft HO decision algorithm, which takes into account the user 
traffic type and uses the feature of carrier aggregation. Even though theoretical and simulation results 
illustrate low outage probability, the performance of the proposed algorithm in terms of energy 
consumption and interference at the LTE-A nodes is not discussed. To mitigate cross-tier interference 
and reduce the number of HOs in the network, the work in [29] is based on the concept of intra-cell 
HOs which, however, is closer to radio resource management rather than HO decision making. The 
proposal in [30] allows for an inbound HO to femtocells depending on the traffic type and the current 
user mobility status. A variant of this algorithm is presented in [31], with the addition of a simple 
analysis regarding the required signaling overhead based on the work in [32]. Founded on simulation 
results, the work in [33] concludes that more efficient interference coordination and HO execution 
procedures can be employed, if the communication between the macrocell and the femtocell tiers is 
performed through the X2, rather than the S1 interface [1]. In our previous works in [34]-[35], we have 
proposed the exchange and utilization of standard measurements for reducing the power consumption 
of the UEs in the two-tier LTE system. Nevertheless, further work is required towards lowering the 
negative impact of user mobility on the HO probability performance, as well as assessing the required 
signaling procedures and overheads required for deploying the proposed HO decision algorithms. 
IP Network /
 Internet
Core Network
Broadband
Router
HeNB
eNB
eNB
HeNB
Broadband
Router
UE
UE
UE
 
Figure 1: Two-tier LTE-A network and type of HOs 
To summarize, current HO decision algorithms emphasize on reducing the number of HOs in the 
two-tier network mainly based on user mobility and traffic type criteria. In most of the cases, the 
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impact of the proposed algorithms on the UE energy consumption, the RF interference, and the 
network signaling load, is not investigated. On the other hand, existing approaches mainly focus on the 
inter-tier HO decision scenario, and assume the employment of the SC algorithm for the intra-tier HO 
scenario, i.e., eNB-to-eNB and HeNB-to-HeNB HOs (Fig. 1). The SC HO decision algorithm, 
however, does not take into account the actual transmit power on the Reference Signals (RS) of the 
candidate cells, neither it takes into account the RF interference at the cell sites, which are both 
expected to diverge from site to site in the LTE-A network, owing to the unplanned deployment and 
the self-optimization mechanisms. As a result, the employment of the interference-agnostic SC 
algorithm is expected to degrade the SINR performance, compromise seamless connectivity, increase 
the outage probability and enlarge the HO signaling.  
In this work we jointly consider the impact of interference, power consumption, and user mobility 
during the HO decision phase in the two-tier LTE-A network. A strong innovation of this work is the 
exchange and utilization of standard LTE-A measurements to accurately estimate the mean UE 
transmit power on a per candidate cell basis, given a prescribed mean SINR target. The exclusion of 
candidate LTE-A cells which can compromise wireless connectivity, and the incorporation of the 
user’s prescribed SINR target during the mean UE transmit power estimation, are two more important 
features of the proposed algorithm towards sustained wireless connectivity, enhanced QoS support, 
and reduced outage probability. Finally, the comprehensive description of the network signaling 
procedure required for employing the proposed algorithm, guarantees backwards compatibility with 
LTE-A and provides insights for advanced interference and mobility management in the two-tier 
network.  
3. SYSTEM MODEL 
3.1 System Description 
An LTE-A network is considered, operating in the band set          . Let             
denote the set of Resource Blocks (RB) in band    ,    the set of cells operating in band  , 
including both eNBs and Home eNBs (HeNBs), and    the set of active users connected to a cell in 
  . For a tagged user  , let        
 
 denote the prescribed mean SINR target for attaining the required 
QoS,        
 the minimum required RSRP value for sustaining wireless connectivity with the 
network, and            the set of candidate and accessible LTE-A cells identified during the 
network discovery phase. Given two network nodes   and  , which can be either LTE-A cells or UEs, 
let   
 
 denote the transmit power of node  ,    
 
 
 
 the noise power in node  , and     
 
 the channel 
gain between nodes   and  , all averaged within the operating bandwidth of the respective nodes over 
the time interval  . Accordingly, the mean UL SINR between user      and cell        for the 
time interval   is given as follows: 
    
 
 
  
 
     
 
   
 
     
 
             
 
      
 
         
    
 
 
   (1) 
where the numerator corresponds to the receive signal strength for user   in the serving cell  , the 
first and the second terms of the denominator to the interference caused by cells and users operating 
in-band, respectively, and the third term to the noise power at cell  . By using Eq. (1) and taking into 
account the requirement for sustaining the prescribed mean SINR target        
 
, the mean UE transmit 
power of user   for a candidate cell      can be estimated as follows: 
    
 
 
       
 
    
  
 
  
    
 
          
  
  
 
  
    
 
         
    
 
 
 
 
    
   (2) 
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Note that the positive impact of handing over to cell     , in terms of lower interference, is 
incorporated in Eq. (2) by omitting the interference caused to cell   by the ongoing user connection 
with the current serving cell  , i.e.,   
 
     
 
. Eq. (2) can also be used to estimate the mean UE power 
consumption of the tagged user   in cell  , owing to transmit power.  
Table I:  Signal quality measurements for the LTE-A system [36] 
Measurement Measured by Notation 
Reference Signal Received Power (RSRP) UE        
  
E-UTRAN Carrier Received Signal Strength Indicator (RSSI) UE        
  
Reference Signal Received Quality (RSRQ) UE        
  
Downlink Reference Signal Transmitted Power (DL RS Tx) E-UTRAN     
  
Received Interference Power (RIP) over the RB set    E-UTRAN   
 
 
The LTE-A standard describes a wide set of signal quality measurements for the LTE-A access 
network and the UEs in [36], which can be utilized to accurately estimate the mean UL SINR in Eq. 
(1) and the mean UE transmit power in Eq. (2). The LTE-A measurements used in this paper, along 
with the respective notation for a tagged user  , cell  , and time interval  , are summarized in Table I. 
Note that the Received Interference Power (RIP) measurement in Table I, denoted by   
 
, corresponds 
to the linear average of the RIP measurements performed over the utilized RB of cell   [36]. To the 
remainder of this paper, it is assumed that for all the UEs connected to it, each serving cell has a 
consistent list of candidate cells and signal quality measurements describing their status. Even though 
the acquisition of these measurements is described in Section 4, the network discovery phase is outside 
the scope of this paper. 
3.2 Strongest Cell Handover Decision Algorithm 
In the context of LTE-A, the SC HO decision algorithm consists of handing over to the candidate 
cell with the highest RSRP status, which also exceeds over the RSRP status of the serving cell plus a 
policy-defined HHM for a time period namely the Time To Trigger (   ) [37]. The HHM is typically 
introduced to mitigate frequency-related propagation divergences, and the negative impact of the ping-
pong effect. Based on the system model description in Section 3.1, the SC HO decision algorithm can 
be summarized as follows: 
                      
                    
                
                 (3) 
where           corresponds to the HHM for cell     , and       to the value of X in decibels 
(dB). Taking into account the definition of the RSRP measurement [36], it follows that: 
       
        
        
   
 (4) 
By substituting Eq. (4) to Eq. (3), it can be shown that the SC algorithm facilitates mobility towards 
candidate cells with higher RS transmit power, and/or improved channel gain. However, in order for 
the SC algorithm to improve the channel gain for the tagged LTE-A link (Eq. 4), comparable RS 
transmit powers should be radiated among the candidate cells. However, this is not in effect in the two-
tier LTE-A network provided that a) eNBs typically radiate higher RS transmit power compared to 
HeNBs, and b) femtocell self-optimization can result in different RS transmit powers between the 
HeNBs. In addition, the SC algorithm does not necessarily improve the SINR performance (Eq. (1), 
(2)) given that divergent interference levels are expected at the LTE-A cell sites owing to the 
unplanned deployment. The SC algorithm’s unawareness on the actual RS transmit power and the 
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interference level at the cell sites, is also expected to increase the UE transmit power, which in turn 
rises the interference level network-wide and exhausts the UE battery lifetime. The value of the HHM 
parameter is another open issue for the SC algorithm. 
 
4. HANDOVER DECISION ALGORITHM 
Based on the discussion in Section 3, this section describes an advanced handover decision 
algorithm, which is based on the employment of interference-aware and energy-efficient HO decision 
making. The proposed algorithm utilizes standard LTE-A measurements a) to mitigate the negative 
impact of user mobility and b) minimize the UE transmit power given the mean SINR target. The 
former is achieved by avoiding HOs to cells that can compromise wireless connectivity, while the 
latter by estimating the UE transmit power on the remainder cells and handing over to the one with the 
minimum requirements. The rest of this section is organized as follows. Section 4.1 describes a 
methodology for sustaining wireless connectivity, while Section 4.2 describes a HO decision criterion 
for identifying the cell requiring the minimum UE transmit power. These procedures are integrated to 
the proposed algorithm in Section 4.3. 
4.1 Sustained wireless connectivity 
Let     
   
 denote the maximum allowed mean transmit power for node  , which corresponds either 
to the maximum transmit power of the target cell, or the UE power class, or a maximum transmit 
power constraint adapted with respect to interference mitigation criteria, e.g., as in [22]. Using Eq. (4) 
under the assumption of a symmetric channel gain, the mean UL channel gain between user   and cell 
  can be estimated as follows: 
    
 
     
 
 
       
 
    
   (5) 
Let        
 
 denote the minimum required channel gain for sustaining wireless connectivity 
between user   and cell  . Taking into account the minimum required RSRP value for sustaining 
wireless connectivity (       
 ), and the maximum allowed mean transmit power for user   and cell 
 , i.e.,     
   
 and     
   
, respectively, the        
 
 parameter can be estimated as follows: 
       
 
 
       
 
         
  
    
  
 
 (6) 
Using Eq. (5) and (6) for the HO decision time horizon       and under the condition for 
sustaining wireless connectivity     
   
        
   
, the candidate cell set is limited as follows: 
                  
                
           
            
     
     
     
            (7) 
4.2 HO decision criterion for reduced mean UE transmit power 
Having identified the candidate cell set that guarantees sustained wireless connectivity, this section 
describes a novel methodology for estimating the tagged user’s mean UE transmit power on a per 
candidate cell basis, with respect to the prescribed mean SINR target and standard LTE-A 
measurements. The incorporation of the prescribed SINR target provisions for the supported QoS, 
while the utilization of standard LTE-A measurements provides an accurate estimation on the required 
mean UE transmit power. In the following, it is assumed that the tagged user   receives service from 
cell  , which has consistent measurements describing the status of every candidate cell      over 
the time interval      .  
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By taking into account the RIP measurement definition in [36], it follows that: 
  
 
      
 
      
 
               
 
      
 
         
 
 
 
   (8) 
By using Eq. (2), (5), and (8), it can be readily shown that the mean UE transmit power for the 
current serving cell   can be estimated by Eq. (9). 
  
 
 
       
 
     
    
 
       
   (9) 
Under the same viewpoint, the mean UE transmit power for a candidate cell      can be 
estimated as follows: 
    
 
 
 
 
 
       
 
     
     
 
   
 
     
 
 
       
            
       
 
     
    
 
       
            
    (10) 
where the condition        is introduced to include the interference caused by the ongoing user 
link with cell  , i.e.,   
 
     
 
, if cells   and   operate in the same band. Let us now focus on the HO 
decision at the serving cell. A HO to the candidate cell      is expected to lower the mean UE 
transmit power if the condition     
   
     
   
 is met. By using Eq. (10) and taking the values in dB, it 
can be readily shown that this condition can be rearranged as follows: 
            
                
              (11) 
where the parameter           is adapted according to Eq. (12). 
          
 
 
 
 
 
     
    
       
   
 
       
 
     
      
   
       
    
       
   
    
    
    
      
         
     
    
      
   
    
      
            
  (12) 
Eq. (11) can be used as a HO decision criterion for lowering the mean UE transmit power in the 
two-tier LTE-A network. The latter is achieved by introducing the adaptive HHM of Eq. (12) in the 
standard HO decision procedure as follows: 
                      
                    
                
               (13) 
4.3 Proposed HO decision algorithm 
The proposed HO decision algorithm integrates the methodology for sustained wireless connectivity 
in Section 4.1, and the HO decision criterion for reduced mean UE transmit power in Section 4.2. To 
further reduce the HO failure probability, the proposed algorithm takes into account the resource 
availability on the candidate LTE-A cells, while to cope with critical LTE-A events, the decision time 
horizon of the proposed algorithm can be limited to a prescribed time duration, denoted by     . 
Finally, to deal with potential network signaling delay during the HO context acquisition procedure, 
the proposed algorithm handles the candidate cell list as a queue structure, which allows prioritized 
evaluation of the candidate cells with known status. Note that the required HO decision context 
consists of a) the operating frequency and bandwidth of the candidate cells, b) their current capacity 
value [38], c) the signal quality measurements in Table I, and d) the maximum allowed mean transmit 
power for user   and the candidate cells.  
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Figure 2: Proposed HO decision algorithm for the two-tier LTE-Advanced network 
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The proposed HO decision algorithm for the LTE-A network is illustrated in Fig. 2. Upon HO 
decision triggering (step 1), the proposed algorithm initializes a HO decision countdown timer, 
denoted by    , to the prescribed HO decision time horizon      (step 2). This timer is assumed to be 
adapted with respect to critical LTE-A events, such as the ones described in [39].  
In step 3, the proposed algorithm initiates a HO context acquisition request to derive the HO context 
describing the candidate cells’ status. The network signaling procedure for performing this step is 
thoroughly investigated in Section 5. In step 4, the proposed algorithm handles the candidate cell set 
   as a queue structure and examines whether the required HO context for the queue head is reported 
to the serving cell, or not. If not, the proposed algorithm postpones the evaluation of the queue head in 
   (step 5), i.e., the queue head is moved to the end of the queue, and evaluates whether the HO 
decision countdown timer has expired (step 6). On the other hand, if the HO context is available to the 
serving cell, the proposed algorithm evaluates whether the residual capacity of the candidate cell   can 
support the tagged user (step 7). If not, the candidate cell   is removed from the queue structure    
(step 11), and the evaluation procedure continues. If the residual capacity of cell   enables the support 
of the tagged user, the proposed algorithm evaluates whether the candidate cell   can sustain wireless 
connectivity (step 8). Note that this step employs the methodology for sustained wireless connectivity 
in Section 4.1 with the addition of a HHM, denoted by          
  , which is introduced to further 
lower the HO probability for medium to high speed users. The impact of the          
   parameter on 
the performance of the algorithm is investigated in Section 5.  
Once again, if the conditions for sustained wireless connectivity are not met, the proposed algorithm 
removes the candidate cell   from the queue (step 11), and proceeds with the evaluation procedure. If 
the condition in step (8) is met, however, the adaptive HHM for reduced UE transmit power is 
calculated in step (9). Accordingly, the HO decision criterion for reduced interference and energy 
consumption is employed (step 10), where a negative assessment leads to the removal of the candidate 
cell from the candidate cell set (step 11). If the HO decision criterion is met, the proposed algorithm 
checks whether all the candidate cells have been evaluated (step 12), and if not, the HO countdown 
timer is examined (step 6) and the loop in steps 3 to 12 is revisited. The proposed algorithm terminates 
this loop either when all the candidate cells have been evaluated (step 12), or when the HO countdown 
timer has expired (step 6). If at least one of these two stopping conditions is met, the proposed 
algorithm evaluates whether there exist candidate cells that meet the previous criteria (step 13). If such 
cells exist, the proposed algorithm initiates a HO to the candidate cell with the minimum required 
mean UE transmit power (step 14), and terminates the HO decision phase (step 15). In the opposite 
case, the proposed algorithm initiates a network discovery phase reconfiguration (step 16). 
5. HO SIGNALING CONSIDERATIONS 
This section presents the feasible HO execution scenarios for the two-tier LTE-A network and 
describes two different network signaling approaches for employing the proposed algorithm, 
depending on whether the required HO context is reported and maintained in a network entity, or not. 
The first signaling approach, referred to as the reactive approach, is based on acquiring the HO context 
on demand to the candidate cells. The second signaling approach, referred to as the proactive 
approach, is based on acquiring the HO context on demand to the network entity which is responsible 
for maintaining and disseminating this context to the LTE-A cells. This HO context management 
entity can be either an LTE-A core network (CN) entity, e.g., the Mobility Management Entity (MME) 
[1], or a peripheral entity such as the Access Network Discovery and Selection Function (ANDSF) 
[40]. Without loss of generality, in the following it is assumed that the MME plays the role of the HO 
context management entity for the proactive approach. 
Different from LTE Rel. 8/9, the LTE-A standard supports direct communication between the 
HeNBs through the standard X2 interface [38]. X2-based HO execution between HeNBs, however, is 
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allowed only if no access control at the MME is needed, i.e., either when the HO is performed between 
closed/hybrid access HeNBs with the same CSG ID, or when the target HeNB supports open access. 
Even though the X2 interface is supported both between eNBs and between HeNBs, the LTE-A 
standard does not provision for direct X2-based communication between eNBs and HeNBs, due to the 
increased complexity required [31]. As a consequence, the HO execution between a) eNBs and 
HeNBs, or b) closed/hybrid HeNBs with different CSG IDs, or c) open access HeNBs, can only be 
employed through the MME and the standard S1-interface [41]. Table II summarizes the feasible HO 
execution scenarios for the two-tier LTE-A network and indicates the interface under use, depending 
on whether access control is required on the target cell, or not. Note that access control does not apply 
in the HO execution scenarios 1 and 2, i.e., when the target cell is an eNB, and that the serving cell in 
the HO scenario 3 can be either an eNB, or HeNB. The proposed HO decision algorithm applies to all 
the HO execution scenarios in Table II. To this end, the remainder of this section discusses the 
signaling procedures required for employing it, under both the reactive and the proactive HO context 
acquisition approaches. 
Table II: HO execution scenarios in the two-tier LTE-A network 
HO 
Scenario 
Serving 
Cell 
Target 
Cell 
Access 
Control 
HO Type 
HO Execution 
Interface 
1 eNB eNB Does not apply Regular E-UTRAN X2 
2 HeNB eNB Does not apply Outbound from HeNB S1 
3 (H)eNB HeNB Yes Inbound to HeNB S1 
4 eNB HeNB No Inbound to HeNB S1 
5 HeNB HeNB No Inbound to HeNB X2 / S1 
Fig. 3 illustrates the signaling procedure for the HO scenario 1 under the reactive HO context 
acquisition approach. Steps 0 – 2 correspond to the cell search and measurement phase at the UE. The 
HO decision algorithm is triggered in step 3, where the serving eNB signals a HO context request 
towards the candidate eNB through the X2-interface (step 4). Upon reception of the HO context report 
(step 5), the serving eNB reaches to a HO decision (step 6), and initiates the standard HO execution 
procedure (steps 7 – 21) [1]. Different from the reactive approach, the proactive approach (Fig. 4) 
includes a periodic MME-configured HO context acquisition phase (steps 1 – 2) prior to the HO 
decision phase (steps 7 – 9). The HO context request/report signals in steps 7 – 8 are initiated towards 
the MME through the S1 interface, rather than the target eNB through the X2 interface. Note that both 
the network discovery and the HO execution phases, i.e., steps 3 – 5 and steps 10 – 24, respectively, 
follow the standard signaling procedure as in the reactive approach (Fig. 3). Both the reactive and 
proactive signaling approaches for the HO execution scenario 2, i.e., HO from a HeNB to an eNB, are 
similar to the ones followed in Fig. 3 and 4, respectively, and they are omitted due to space limitations. 
The key difference between the HO execution scenarios 1 and 2 is that the signaling procedure 
between the serving HeNB and the target eNB is performed through the MME and the S1 interface, 
i.e., steps 4, 5, 7, 9, and 11 in Fig. 3, and steps 10, 12, 14 in Fig. 4, given that the LTE-A standard does 
not support X2-based communication between HeNBs and eNBs. 
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Figure 3: Reactive HO context acquisition approach for the HO execution scenario 1 
Let us now focus on the HO signaling procedure for supporting inbound mobility towards a HeNB. 
Fig. 5 illustrates the reactive HO signaling procedure for the HO execution scenario 3, i.e., eNB-to-
HeNB, or HeNB-to-HeNB with access control. Note that the deployment of the HeNB Gateway is 
optional [1].  
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Figure 4: Proactive HO context acquisition approach for the HO execution scenario 1 
The cell search and measurement phase is performed in steps 1 – 7, and consists of the proximity 
indication (steps 1 – 2), measurement derivation (step 3 – 4), and cell identification (steps 5 – 7) 
phases [1]. Upon HO decision triggering (step 8), the serving (H)eNB initiates a HO context request 
towards the target HeNB through the S1 interface (steps 9 – 11), i.e., via the MME and the HeNB-GW. 
The target HeNB reports the required HO context (steps 12 – 14), and the HO decision algorithm 
terminates in step (15). Note that when the serving cell is a HeNB, the HO context request/report 
signals can be exchanged through the X2 interface. The HO procedure is completed in steps 16 – 24, 
where the standard HO execution phase takes place through the S1 interface. It should be noted that 
the HO execution phase is performed through the S1 interface regardless the type of the serving eNB, 
i.e., eNB or HeNB, given that MME-based access control is required for the HO execution scenario 3 
(step 17). The key difference between the reactive and the proactive HO context acquisition 
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approaches in the HO execution scenario 3, i.e., Fig. 5 and 6, respectively, is that in the proactive one 
the serving eNB acquires the HO context on demand to the MME (steps 13 – 14), which configures the 
target HeNB to report the HO context on a periodic basis (steps 1 – 4). 
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Figure 5: Reactive HO context acquisition approach for the HO execution scenario 3 
Both the reactive and the proactive signaling approaches for the HO execution scenario 4 are 
similar to the ones depicted in Fig. 5 and 6, respectively, with the difference that the MME-based 
access control step is omitted (step 17). The same implies for the HO execution scenario 5, where in 
addition, the serving and the target HeNB can utilize the standard X2 interface to perform both the HO 
execution phase (steps 16 – 23 in Fig. 5 and 6), and the HO context acquisition phase for the reactive 
signaling approach (steps 9 – 14 in Fig. 5). 
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Figure 6: Proactive HO context acquisition approach for the HO execution scenario 3 
Let us now focus on how the HO context request/report signals can be performed. The LTE-A 
standard describes a wide set of signals for the S1 and the X2 interfaces which, however, are not 
provisioned to transfer the entire HO decision context required for employing the proposed algorithm. 
Nevertheless, the HO context acquisition signaling can be performed either a) by using the private 
message mechanism for non-standard use described in [38] for the X2 interface, and in [41] for the S1 
interface, or b) by introducing a new message type in future amendments of the LTE-A standard, to 
include the entire HO decision context required. The use of the private mechanism for non-standard 
use is already part of the LTE-A standard, and thus, the proposed HO decision algorithm can be 
employed with a simple software update at the eNBs, HeNBs, and the MME. On the other hand, the 
addition of a new message type and Information Element (IE) containing the required HO context, will 
enhance the functionality of the LTE-A system towards more sophisticated mobility and interference 
management support.  
Referring to the differences of the reactive and proactive HO context acquisition approaches, the 
reactive approach is expected to lower the HO context request/report signaling commuted through the 
LTE-A CN, especially when an X2 interface is established between the serving and the target cells. On 
the other hand, the proactive approach is expected to minimize the signaling overhead towards the 
LTE-A cells, as it eliminates the occurrence of multiple HO context report/ request signals for the 
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same HO context. More frequent yet deterministic signaling overhead is expected for the proactive 
approach where the HO context signaling periodicity is configured by the MME, compared to the 
reactive approach, where the consequential signaling overhead is highly correlated to the occurrence 
rate of the HO events. Nevertheless, the proactive approach necessitates enhanced HO context 
management functionality at the LTE-A CN, in contrast with the reactive approach where no 
additional functionality enhancements are required. 
 
6. NUMERICAL RESULTS 
This section includes extensive system-level simulation results to demonstrate the performance of 
the proposed MM approach. Section 6.1 summarizes the adopted simulation model and parameters, 
whereas Section 6.2 presents selected numerical results. 
6.1 System-level simulation model and parameters 
This section investigates the performance of the proposed mobility management approach, under 
both HO context acquisition procedures, based on an extended version of the system-level evaluation 
methodology described in [8]. A hexagonal LTE-A network is considered with a main cluster 
composed of 7 eNBs, where each eNB consists of 3 sectors. The wrap-around technique is used to 
extend the LTE-A network, by copying the main cluster symmetrically on each of the 6 sides. A set of 
blocks of apartments, referred to as femtoblocks, are uniformly dropped within the main cluster area 
with respect to the femtoblock deployment density parameter, denoted by    , which indicates the 
percentage of the main cluster area covered with femtoblocks. Femtoblocks are modeled according to 
the dual stripe model for dense urban environments in [8], where each femtoblock consists of two 
stripes of apartments separated by a 10 m wide street and each stripe has two rows of 5 apartments of 
size 10x10m. The deployment of femtocells within each femtoblock is based on the femtocell 
deployment ratio parameter, denoted by    , which indicates the percentage of femtoblock apartments 
with a femtocell installed. Femtocell stations and users are uniformly dropped inside the apartments, 
where each femtocell station initially serves one user. Each macrocell sector initially serves ten users, 
which are uniformly distributed within it. The LTE-A users are members of up to one CSG, where 
three CSG IDs are used in the network. The remainder simulation parameters are summarized in Table 
III.  
Note that a higher     corresponds to a denser femtoblock layout within the main LTE-A cluster, 
while a higher     to a denser femtocell deployment within the femtoblocks. As a result, although a 
higher     or     parameter results in denser femtocell deployment layout, a higher     leads to 
comparably denser femtocell deployment within small areas, i.e., femtoblock. It should also be noted 
that a higher     or     parameter results in the introduction of additional UEs in the network, 
provided that each femtocell is assumed to initially serve one user. The performance of the proposed 
approach is evaluated under both the HO context acquisition approaches, where the reactive version of 
the algorithm is referred to as Prop-R and the proactive as Prop-P3s. Different performance is attained 
for the two different versions of the proposed algorithm, given that the HO context update for the 
Prop-P3s algorithm is performed once every 3 seconds. The Prop-R and Prop-P3s are compared 
against the SC HO decision algorithm, referred to as the SC algorithm, and the algorithm in [31], 
referred to as the Zhang11 algorithm.  
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Table III: System-level simulation model and parameters 
Network layout 
Macrocell layout 
7 clusters,  7 sites per cluster, 3 sectors 
per site, freq. reuse 1 
Macrocell inter-site distance 500 m 
Initial number of UEs per macrocell sector 10 UEs 
Macrocell UE distribution Uniform within each sector 
Femtoblock layout 
Dual stripe model for dense urban 
environments [8] 
Femtoblock distribution in the main LTE-A cluster Uniform 
Femtocell station and UE distribution within an apartment Uniform 
Initial number of UEs per femtocell station 1 UE 
Maximum number of supported UE per femtocell 4 UEs 
System operating parameters 
Parameter Macrocell Femtocell 
Carrier frequency 2000 MHz 
Uniformly picked from the set 
{1990, 2000, 2010} MHz 
Channel bandwidth 10 MHz 10 MHz 
Maximum Tx Power     
   
    dBm     
   
    dBm 
Antenna gain 14 dBi 0 dBi 
Noise figure 5 dB 8 dB 
Shadowing standard 
deviation 
8 dB 4 dB 
RS transmit power 
(DL RS Tx) 
Normally distributed with a mean value of 23 dBm and 
standard deviation 3dB 
Uniformly distributed within the 
[0,20] dBm interval 
CSG ID distribution Does not apply Uniform within {1, 2, 3} 
Link-to-system 
mapping 
Effective SINR mapping (ESM) [8] 
Path Loss Models 
Path loss Models for urban deployment in [8] 
Interior / Exterior wall penetration loss (indoor UEs) 5 / 15 dB 
UE parameters 
UE power class     
   
    dBm 
UE antenna gain 0 dBi 
Mean UL SINR target        
 
   dB 
CSG ID distribution Uniformly picked from {1, 2, 3} 
Traffic model Full buffer similar to [8] 
Mobility model [13] 
User speed 
           m/s 
Mean user speed      km/h 
User speed 
standard 
deviation 
     km/h 
User direction                       
   
 
      
where    is the time period between two updates of the model, and        the Gaussian 
distribution of mean   and standard deviation   
Other simulation parameters 
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Overall simulation time 200 sec 
Simulation time unit      sec 
HO context updating periodicity for the Prop-P3s algorithm 3 sec 
 
6.2 System-level simulation results 
Fig. 7 illustrates the performance of the algorithms in terms of mean UE transmit power for varying 
femtoblock deployment density    . Two different femtocell deployment ratios     are used to 
investigate the algorithms' performance under both sparse and dense femtocell deployments per 
femtoblock, i.e.,         and        , respectively.  
 
Figure 7: Mean UE transmit power vs. the femtoblock deployment density 
For        , the mean UE transmit power lowers for all algorithms as the     increases, owing to 
the shorter transmit – receive range of the sparsely deployed femtocell infrastructure. Above a certain 
   , however, higher mean UE transmit power is required to sustain the mean UL SINR target        
 
 
for all algorithms, due to the comparably shorter inter-site distance between the HeNBs which rapidly 
raises the interference at the cell sites (Fig. 8). Depending on the femtoblock deployment density    , 
the Prop-R algorithm is shown to lower the mean UE transmit power from 0.5 to 2.6dB compared to 
the SC and the Zhang11 algorithms, i.e., 11% to 45% gain. Improved performance is attained by the 
Prop-P3s algorithm as well, where the respective gain is shown to reach up to 1.7 dB, i.e., 33%. Higher 
mean UE transmit power is required for all algorithms in denser femtocell deployments per femtoblock 
(       ), where comparably shorter mean inter-site distance characterizes the femtocell layout even 
under low femtoblock deployment densities (       ). Different from the competing algorithms, the 
Prop-R and Prop-P3s algorithms improve their performance for low     values, while increased yet 
almost constant transmit power is observed for all algorithms in medium to high     values. Once 
again, both versions of the proposed algorithm are shown to require up to 2dB lower UE transmit 
power compared to the competing algorithms, i.e., 37% gain, as they account for the actual 
interference level at the cell sites and the channel gain between the UEs and the (H)eNBs. 
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Figure 8: Mean cell received interference power vs. the femtoblock deployment density 
Fig. 8 depicts the performance of the algorithms in terms of mean received interference power at the 
cell sites, for varying     and two     values. As expected, a denser femtocell deployment per 
femtoblock (       ) raises the interference at the cell sites for all algorithms, owing the short inter-
site distance between the HeNBs. For         on the other hand, even though a sparser femtoblock 
layout reduces the mean interference at the cell sites (       ), above a     value the mean 
interference level rapidly increases for all algorithms. The SC algorithm attains lower interference 
compared to the femtocell-specific algorithms, while compared to the Prop-R and the Zhang11 
algorithms, improved performance is shown for the Prop-P3s algorithm as well. Interestingly, even 
though the Prop-R algorithm greatly lowers the mean UE transmit power compared to the other 
algorithms (Fig. 7), it simultaneously results in higher cell interference under the same network layouts 
(Fig. 8). This result follows from the comparably enhanced femtocell utilization attained by the Prop-R 
algorithm, which substantially raises the number of femtocell users compared to the competing 
algorithms (Table IV). 
Table IV: Number of femtocell users / total number of users within the main LTE-A cluster 
    
Number of femtocell users / total number of users 
                
SC Zhang11 Prop-P3s Prop-R SC Zhang11 Prop-P3s Prop-R 
0,01 2,5/211 3/211 8/211 8/211 7,5/218 7,5/218 10,5/218 10/218 
0,05 7,5/215 7/215 22/215 29/215 14/242 14/242 27,5/242 29/242 
0,1 17,5/224 16,5/224 42/224 52,5/224 19,5/271 17/271 36,5/271 53,5/271 
0,25 27/239 29/239 66,5/239 75,5/239 39,5/359 55,5/359 62/359 74/359 
0,5 45,5/269 56,5/269 88/269 105/269 77,5/500 99/500 107/500 129,5/500 
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0,75 52/303 69,5/303 109,5/303 128,5/303 115,5/641 142,5/641 158/641 193,5/641 
1 60,5/337 82,5/337 136/337 159/337 153,5/782 186/782 209/782 257,5/782 
 
 
Figure 9: Mean cell transmit power vs. the femtoblock deployment density 
Fig. 9 depicts the mean cell transmit power performance of all algorithms, for varying     and two 
different     values. Note that for dense femtocell deployment per femtoblock (       ) and low     
values, the Zhang11 algorithm increases the mean cell transmit power as it prioritizes femtocell access 
regardless the interference and propagation conditions at the UEs and the femtocell sites. For higher 
    values, however, the performance of the algorithm improves due to the shorter femtocell inter-site 
distance. The Prop-R and Prop-P3s algorithms are shown to substantially lower the mean cell transmit 
power compared to the SC and Zhang11 algorithms, with the higher gains attained for sparse femtocell 
deployment ratios (       ) and medium to high femtoblock deployment densities, i.e., up to 9 dB 
gain for the Prop-R and 6dB for the Prop-P3s algorithm. 
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Figure 10: Mean UE received interference power vs. the femtoblock deployment density 
The greatly lower mean cell transmit power attained by both the Prop-R and Prop-P3s algorithms, 
results in significantly reduced interference at the UEs as well (Fig. 10). Noticeably, the performance 
of the Prop-R and Prop-P3s algorithms under dense femtocell deployment per femtoblock is better 
even compared to the one of the competing algorithms in sparse femtocell deployments per 
femtoblock. For         the SC and Zhang11 algorithms show similar performance, whereas the 
Prop-R and Prop-P3s algorithms are shown to lower the mean UE interference by up to 10 and 8dB, 
respectively. Significantly lower mean UE interference is shown for the Prop-R and Prop-P3s 
algorithms under         as well, with the higher gains attained under low to medium femtoblock 
deployment densities, i.e.,             . Note that the UE interference mitigation plays a key role 
for realizing the femtocell communication paradigm, given that the employment of interference 
management and self-optimization is typically performed at the LTE-A network rather than the UE 
side. 
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Figure 11: Mean UE energy consumption per bit vs. the femtoblock deployment density 
Fig. 11 illustrates the performance of the algorithms in terms of mean UE energy consumption per 
bit, owing to transmit power. For dense femtocell deployment per femtoblock (       ), as the     
increases constantly increasing UE energy expenditure per bit is required for the SC and Zhang11 
algorithms to sustain the mean UL SINR target        
 
. On the other hand, improved performance is 
achieved for the Prop-R and Prop-P3s algorithms as the     increases, where for         rising yet 
comparably lower energy consumption per bit is required as well, compared to the competing 
algorithms. For sparse femtocell deployments per femtoblock (       ), reduced energy expenditure 
overhead per bit is observed for all algorithms. Both versions of the proposed algorithm, however, 
attain substantially enhanced UE energy expenditure per bit compared to the competing algorithms, 
even for very low femtoblock deployment densities (         . Noticeably, the performance of all 
algorithms remains roughly unaffected above a certain     value, i.e.,        . Apart from 
enhanced UE energy consumption per bit, both versions of the proposed algorithm are shown 
resourcefully utilize the enhanced capacity potential offered by the femtocell infrastructure as well 
(Fig. 12). 
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Figure 12: Mean uplink capacity per served user vs. the femtoblock deployment density 
Compared to the SC and Zhang11 algorithms, which attain a similar behavior, the Prop-R algorithm 
is shown to enhance the mean UL capacity per served UE by up to 16% for        , and up to 9% 
for        . Lower yet comparable UL capacity gains are shown for the Prop-P3s algorithm as well, 
with the higher gains attained under low to medium femtoblock deployment densities. Even though a 
higher     improves the overall network capacity, it simultaneously degrades the UL capacity per 
served UE for all algorithms (Fig. 12), owing to the comparably higher interference level at the cell 
sites (Fig. 8). Similar performance degradation is observed for higher     values as well, where above 
a certain     value the UL capacity per served UE degrades rather than improves depending on the 
HO decision algorithm and the     value.  
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Figure 13: Handover probability vs. the femtoblock deployment density 
Fig. 13 depicts the HO probability performance for all algorithms for varying     parameter. As 
expected, a higher HO probability is observed for all algorithms as the     increases. The same 
implies for denser femtocell deployment per femtoblock (       ), where a comparably lower mean 
inter-site distance characterizes the femtocell deployment layout. For         the Zhang11 algorithm 
is shown to sustain the lowest HO probability, whereas the Prop-R algorithm attains an improved 
performance compared to the SC algorithm under very low and medium to high    , i.e., for     
    and        , respectively. On the other hand, the Prop-P3s algorithm results in the highest HO 
probability for both sparse and dense femtocell deployment ratios, while for        , even though the 
SC, Zhang11, and Prop-R algorithms show similar performance under low to medium deployment 
densities (       ), in medium to high femtoblock deployment densities the Prop-R algorithm 
attains the lowest HO probability (       ). As will be shown in the following, the HO probability 
of the Prop-R and Prop-P3s algorithms can be greatly lowered by using a higher          
   value. 
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Figure 14: Signaling overhead over the X2 interface vs. the femtoblock deployment density 
 
Figure 15: Signaling overhead over the S1 interface vs. the femtoblock deployment density 
Fig. 14 and 15, depict the network-wide X2 and S1 signaling overhead per second, respectively, for 
all algorithms. Note that the depicted overhead includes both the HO execution and the HO context 
acquisition signaling (where necessary). In terms of X2 signaling (Fig. 14), a higher femtoblock 
deployment density or femtocell deployment ratio enlarges the X2 signaling overhead for all 
algorithms due to the denser network layout. Higher X2 signaling requirements are shown for Prop-R 
algorithm, under both sparse and dense femtocell deployments per femtoblock, owing to the HO 
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context acquisition procedure on a per candidate cell basis. Enlarged X2 signaling overhead is also 
observed for the SC algorithm for        , whereas the performance of the Prop-P3s algorithm is 
shown to remain almost unaffected due to the MME-based HO context acquisition procedure over the 
S1 interface.  
Different from the X2 signaling, the S1 signaling performance for all algorithms is shown to be 
strongly affected by the femtocell deployment ratio (Fig. 15). For         the performance of all 
algorithms grows almost linearly with respect to the    . However, both versions of the proposed 
algorithm necessitate higher S1 signaling overhead due to the employment of the HO context 
acquisition. For        , a rapidly growing S1 signaling overhead is observed for the SC and the 
Zhang11 algorithms, whereas under medium to high     the Prop-R algorithm is shown to require the 
lowest S1 signaling overhead, owing to the increased utilization of the X2 interface (Fig. 14). On the 
other hand, the Prop-P3s algorithm is shown to require the highest signaling overhead compared to the 
other algorithms, which however grows roughly linearly with respect the     parameter. Note that the 
S1 signaling overhead for the Prop-P3s algorithm can be mitigated by using a lower HO context 
acquisition periodicity at the MME. Reduced S1 signaling is also attained for both the Prop-R and 
Prop-P3s algorithms if a higher          
   is used, given that the X2 and S1 signaling strongly depend 
on the HO probability.  
 
Figure 16: Handover probability vs. the Handover Hysteresis Margin          
   
Focusing on the Prop-R and Prop-P3s algorithms, Fig. 16 and 17 depict the HO probability and 
mean UE transmit power performance, respectively, for varying          
   parameter and various 
mean user speeds. These results are derived for         and        . As expected, a higher user 
speed increases the HO probability for both versions of the proposed algorithm. Nevertheless, a higher 
         
   value can be used to lower the HO probability depending on the mean user speed and the 
optimization requirements (Fig. 16). The          
   parameter also affects the remainder performance 
measures, where the impact of varying          
   on the mean UE transmit power is indicatively 
depicted in Fig. 17. Interestingly, as the           increases, the mean UE transmit power lowers for 
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both versions of the proposed algorithm (Fig. 17). Depending on the mean user speed and the HO 
context acquisition approach, however, there exists a          
   value above which a degraded 
performance is observed. Similar results were derived for the remainder performance measures as well, 
indicating that the          
   can be used to optimize the proposed algorithm with respect to a 
particular performance measure/target.  
 
Figure 17: Mean UE transmit power vs. the Handover Hysteresis Margin          
   
7. CONCLUSION 
An advanced mobility management approach for the two-tier LTE-Advanced network has been 
introduced in this paper, which jointly considers the impact of user mobility, interference, and power 
consumption. The proposed approach is based on the exchange and utilization of standard signaling 
quality measurements and the employment of energy-efficient interference-aware HO decision 
making. A novel HO decision algorithm has been proposed, and a detailed analysis has been provided 
with regards to the network signaling procedure for employing it. Two different signaling approaches 
have been identified, depending on whether a network entity maintains and disseminates the required 
HO decision context, or not. Extensive system-level simulation results have shown that compared to 
existing approaches, the proposed approach greatly reduces the mean UE and cell transmit power, 
lowers the mean UE energy expenditure per bit and UE interference, and enhances the system 
capacity, at the cost of moderate increase of network signaling. Although the reactive version of the 
proposed algorithm has shown to increase the X2 signaling and the mean cell interference, owing to 
the substantially increased femtocell utilization, the proactive version of the proposed algorithm is 
shown to attain similar X2 signaling and mean cell interference performance to that of the competing 
algorithms. The impact of the HHM parameter has also been investigated and it has been shown that 
depending on the mean user speed and the optimization requirements, a higher HHM value can be 
used to optimize the proposed algorithm’s performance with respect to a particular performance 
measure/target. 
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LIST OF ACRONYMS 
 
3rd Generation Partnership Project 3GPP 
Access Network Discovery and Selection Function ANDSF 
Carrier Aggregation CA 
Closed Subscriber Group CSG 
Coordinated Multipoint CoMP 
Core Network CN 
Decibels dB 
Downlink DL 
Effective SINR mapping ESM 
Evolved Node B eNB 
Handover HO 
Handover Hysteresis Margin HHM 
Home eNB HeNB 
Information Element IE 
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Multiple-input multiple-output MIMO 
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Received Interference Power RIP 
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Received Signal Strength Indicator RSSI 
Reference Signal Received Power  RSRP 
Reference Signal Received Quality RSRQ 
Reference Signals RS 
Resource Block RB 
Signal to Interference plus Noise Ratio SINR 
Strongest Cell SC 
Time To Trigger TTT 
Uplink UL 
User Equipment UE 
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